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Nucleus positioning is key for intracellular organiza-
tion, cell differentiation, and organ development and
is affected in many diseases, including myopathies
due to alteration in amphiphysin-2 (BIN1). The actin
and microtubule cytoskeletons are essential for nu-
cleus positioning, but their crosstalk in this process
is sparsely characterized. Here, we report that im-
pairment of amphiphysin/BIN1 in Caenorhabditis
elegans, mammalian cells, or muscles from patients
with centronuclear myopathy alters nuclear position
and shape. We show that AMPH-1/BIN1 binds to
nesprin and actin, as well as to the microtubule-
binding protein CLIP170 in both species. Expression
of the microtubule-anchoring CAP-GLY domain of
CLIP170 fused to the nuclear-envelope-anchoring
KASH domain of nesprin rescues nuclear positioning
defects of amph-1 mutants. Amphiphysins thus play
a central role in linking the nuclear envelope with the
actin and microtubule cytoskeletons. We propose
that BIN1 has a direct and evolutionarily conserved
role in nuclear positioning, altered in myopathies.
INTRODUCTION
Nucleus positioning is necessary for normal intracellular organi-
zation, cell differentiation, and organ development (Starr and
Han, 2002). This process is controlled by cytoskeleton and nu-
clear envelope (NE) proteins (Fridolfsson et al., 2010; Luxton
et al., 2010; Metzger et al., 2012; Starr and Han, 2002; Zhao
et al., 2012). Genetic screens inC. elegans allowed the identifica-
tion of the LINC (linker of nucleoskeleton and cytoskeleton) com-
plex tethering the nucleo- and cytoskeleton via the NE (Rajgor
and Shanahan, 2013; Starr and Han, 2002). ANC-1, the ortholog186 Developmental Cell 35, 186–198, October 26, 2015 ª2015 Elsevof mammalian nesprin1 and nesprin2 (SYNE1 and SYNE2), is
part of the LINC complex bridging the outer and inner nuclear
membranes. It possesses two N-terminal calponin homology
(CH) domains that form an actin-binding domain (ABD), a cen-
tral domain characterized by spectrin-like repeats (SRs) in the
C. elegans homolog, and a C-terminal KASH (Klarsicht-ANC-
Syne-homology) domain that binds to SUN domain proteins,
thereby connecting the nuclear laminawith the cytoskeleton. Nu-
clear movements depend on the connection between actin and
NE proteins (Luxton et al., 2010) and on motor proteins acting
on microtubules (MTs) (Metzger et al., 2012; Zhang et al.,
2009). For instance, studies in Drosophila oocytes have sug-
gested that the nucleus is pushed anteriorly by growing MTs
(Zhao et al., 2012). However, how the actin and MT networks co-
ordinate with the NE for nucleus positioning is barely known.
Altered nuclear position is a feature of several neurological and
muscular disorders (Chang et al., 2015). For example, centronu-
clear myopathies (CNMs) and myotonic dystrophies (DM) are
characterized by an abnormal central positioning of nuclei in
the muscle syncytium (Romero, 2010). The mechanism leading
to this abnormal positioning is not understood. Amphiphysin-2
(BIN1) is a conserved and ubiquitous protein mutated in CNM
and abnormally spliced in DM (Fugier et al., 2011; Nicot et al.,
2007). It belongs to the BAR (Bin1-Amphiphysin-Rvs) domain
proteins that induce membrane curvature and participate in
endocytosis in several cell types (Lee et al., 2002; McMahon
andGallop, 2005; Pant et al., 2009). Here, we investigate themo-
lecular pathway linking BIN1 to nuclear positioning and found a
conserved role of BIN1 in nuclear dynamics in concert with ne-
sprin, CLIP170, and the actin/MT cytoskeletons.RESULTS
Amphiphysin Is Required for Nucleus Positioning in
C. elegans
To test whether amphiphysin has an evolutionarily conserved
role in nuclear positioning, we investigated C. elegans epithelialier Inc.
Figure 1. AMPH-1 Regulates Nuclear Posi-
tioning in C. elegans
(A) Seam cell nuclei (scm::GFP) in wild-type,
amph-1 RNAi, and amph-1(tm1060) young adult
animals. Arrowheads point to nuclear clustering.
(B) On the y axis, percent animals with mis-posi-
tioned nuclei in wild-type (wt), amph-1(tm1060),
amph-1(RNAi), anc-1(e1753), and anc-1(e1753);
amph-1(tm1060). We considered two (or more)
clustered nuclei as a mis-position phenotype.
The significance is compared to that of wild-
type animals. There is no significant difference
between mutants and amph-1(RNAi)-treated ani-
mals. ***p < 0.001 (one-way ANOVA). Data are
displayed as mean ± SD; experiment repeated
three times, nR 60 for each genotype.
(C) Wild-type and amph-1(tm1060) expressing
scm::GFP (nucleus) and dlg-1::RFP (cell border)
in the seam cells of L4 (left) and young adult
(right) animals. Arrowheads point to nuclear
mis-position.
(D) CLEM on amph-1(tm1060). Left: merge of dif-
ferential interference contrast (DIC) and fluores-
cence pictures acquired at the same z stack to
highlight the position of two clustered seam nuclei.
Right: snapshot of the 3D model developed from
70 serial thin sections displaying the transmission
EM image of the same nuclei, shown in green and
blue. The NEs are not connected.
Scale bars, 10 mm, unless specified. See also
Figure S1 and Movie S1.seam cells, where nuclei are located approximately at the center
at the early larval stage 4 (L4 stage) and then evenly spaced in
adults when seam cells have fused into a syncytium. After
RNAi knockdown of amph-1, or in null amph-1(tm1060) animals
(Pant et al., 2009), seam cells display unequally spaced nuclei
with clustering of two or few nuclei (Figures 1A–1C; Figures
S1A–S1C), both at the L4 stage and in adults. To test whether nu-
clear mis-positioning is linked to cytokinesis defects, we con-
firmed the formation of the syncytia with the membrane marker
dlg1::RFP and used correlative light and electron microscopy
(CLEM) (Kolotuev et al., 2010) to reconstruct a 3D model of
the clustered nuclei, showing that they were mis-shaped but
not interconnected (Figures 1C and 1D; Movie S1). Together,
these data suggest that nuclear mis-positioning is not due to
a defect in cytokinesis; rather, they suggest altered nuclear
anchoring. Thus, amph-1mutants recapitulate the anc-1 pheno-
type characterized by free flotation and clustering of hypodermal
nuclei (Starr and Han, 2002). The anc-1(e1753);amph-1(tm1060)Developmental Cell 35, 186–198,double mutant displays a percentage of
mis-localized nuclei comparable to each
single mutant, suggesting no additive ef-
fect and a common genetic pathway (Fig-
ure 1B). These data were confirmed using
anc-1 and amph-1RNAi in single mutants
(Figure S1D).
To address whether an amph-1 null
mutation affects nuclei in other tissues,
we examined the contralateral migration
of nuclei during hypodermal cell interca-lation (Williams-Masson et al., 1998). The distance between the
dorsal-seam cell junctions and dorsal hypodermal nuclei was
increased in a significant number of amph-1 mutant embryos
compared to wild-type embryos (Figures S1E and S1F). We sug-
gest that the efficiency of the nuclei to remain anchored at their
position after migration is impaired in different tissues in the
amph-1 mutant. Overall, we conclude that amphiphysin has an
evolutionarily conserved role in nuclear positioning.
BIN1 Physically Binds the NE Protein Nesprin2 in
Mammalian Cells
To understand how amphiphysin acts to influence nuclear
positioning, we performed a yeast two-hybrid screen using
BIN1 as bait and a human skeletal muscle library. We identified
nesprin2 and the MT plus-end-binding protein CLIP170 as
BIN1 interactors. Both nesprin2 and CLIP170 are cytoskeleton-
associated proteins (actin microfilaments and MTs, respec-
tively), suggesting that BIN1 could regulate nuclear dynamicsOctober 26, 2015 ª2015 Elsevier Inc. 187
in a cytoskeleton-dependent manner (Figure 2A). The BIN1-
binding region on nesprin2 corresponds to the spectrin repeats
48-49 (named as SR 48–49 in the following text) (Figure S2A; Raj-
gor and Shanahan, 2013). Glutathione S-transferase (GST) pull-
down experiments showed that full-length BIN1 (GST-BIN1-FL)
binds in vitro translated SR 48–49 domains, suggesting a direct
interaction (Figure S2B). Conversely, BIN1 did not bind the CH-
KASH construct of nesprin2 lacking SR 48–49 (Figure 2B). Indi-
vidual BIN1 GST-fused domains (GST-SH3, GST-BAR, and
GST-BAR-PI) did not pull down either in vitro translated SR
48–49 or a larger SR-KASH protein (Figures 2B, 2D, and S2B),
sustaining that a complete folding of BIN1 is necessary for the
interaction. Furthermore, we confirmed nesprin2 co-immuno-
precipitated BIN1 at the endogenous level in human fibroblasts
(Figure 2E). Consistent with these biochemical data, we found
a partial overlap of BIN1 and nesprin2 labeling around the nuclei
of murine isolated muscle fibers (Figure 2F).
As BIN1 is mutated in CNM (Nicot et al., 2007), we tested the
impact of disease-causing BIN1 mutations on nesprin binding
and localization. Using fibroblast lines from BIN1 patients with
D151Nmutation or K575X truncation removing the last 15 amino
acids, we did not observe any obvious impact on the interaction
between endogenous proteins (Figure 2E). Nesprin localization
was enriched at the nuclear membrane in control and patient
cells (Figure S2C). Indeed, nesprin2 localization to the nuclear
membrane depends on its transmembrane domain and interac-
tion with SUN proteins (Rajgor and Shanahan, 2013). Taken
together, these data suggest that BIN1 binds nesprin2 while
the CNM mutations probably impair the binding to other regula-
tors of nuclei position (discussed later).
AMPH-1 Interactswith theC. elegansNesprin2Homolog
ANC-1
Then, we asked whether nesprin2 and BIN1 interaction is
conserved in C. elegans. We expressed in cultured cells the
C. elegans homologous proteins AMPH-1 and a mini-ANC-1
construct containing the domains able to establish an actin-nu-
cleus connection (ABD-KASH). AMPH-1 co-immunoprecipitated
the mini-ANC-1 protein and vice versa (Figure 3A). To confirm
this biochemical interaction, we examined whether ANC-1 and
AMPH-1 co-localize. We looked at C. elegans intestinal cells,
which are large cells also displaying a nucleus position defect
in amph-1(tm1060) mutant (data not shown). Endogenous
ANC-1 accumulated at the nuclear rim and also decorated peri-
nuclear structures (Figure 3B–3D). Similarly, AMPH-1 was pre-
sent around the intestinal nuclei and partially co-localized with
ANC-1 (Figures 3B–3D and S3A–S3D), as observed for murine
isolated muscle fibers (Figure 2F). Based on immunostaining in
anc-1(e1753), amph-1(tm1060), and RNAi, ANC-1 localization
to the NE did not depend on AMPH-1, but AMPH-1 lost its peri-
nuclear localization following lack of ANC-1 (Figures 3E and
S3D). Collectively, our data in mammalian cells and C. elegans
strongly support that BIN1/AMPH-1 interacts with nesprin2/
ANC-1 at the nuclear rim. This conclusion prompted us to test
whether BIN1 links nesprin to cytoskeletal structures.
BIN1 Binds the MT Plus-End-Binding Protein CLIP170
We addressed the potential implication of MTs in BIN1-mediated
nuclear positioning. Our screen for BIN1 partners in muscle sug-188 Developmental Cell 35, 186–198, October 26, 2015 ª2015 Elsevgested a physical link between BIN1 and the MT plus-end-bind-
ing protein CLIP170, confirming previous reported data (Meunier
et al., 2009). So far, the physiological relevance of this interaction
was missing. Endogenous CLIP170 protein level is decreased in
fibroblasts from BIN1 patients compared to control cells (Fig-
ure 4A), suggesting that the interaction is required to stabilize a
subset of CLIP170. Endogenous BIN1 or the K575X SH3-trun-
cated BIN1 co-immunoprecipitated CLIP170 in human fibro-
blasts treated with the MT-depolymerizing drug nocodazole,
while the D151N mutation in the BAR domain impaired binding
to CLIP170 (Figure 4B), which is consistent with the observation
that the BAR domain of BIN1 is sufficient for interaction with
CLIP170 (Meunier et al., 2009). These data suggest that a spe-
cific pool of CLIP170 is mobilized to bind BIN1 whenMTs are de-
polymerized. Furthermore, CLIP170 partially co-localizes with
endogenous BIN1 andMTs around the nucleus inmurine muscle
fibers (Figures 4C and 4D), suggesting that the fraction of
CLIP170 at the nuclear rim is likely the fraction that binds BIN1.
Amphiphysin Links CLIP170 to Nesprin for Correct
Nuclear Anchoring
To address the functional relevance of the BIN1-CLIP170 inter-
action in nucleus positioning, we relied on C. elegans and first
tested whether this interaction is conserved. M01A8.2 (CLIP-1)
is the closest ortholog of CLIP170; it contains one CAP-GLY
domain followed by a serine-rich region and a central coiled-
coil region, and lacks the metal-binding motif (Figure 5A).
C. elegans CLIP-1 and AMPH-1 co-expressed in cells co-immu-
noprecipitated with each other (Figure 5B). In addition, the CAP-
GLY domain of CLIP-1 co-pelleted MTs when expressed in
HEK293 cells (Figure 5C), suggesting a conserved function of
this domain in the association with the MT cytoskeleton (Gupta
et al., 2010).
To test whether CLIP-1 is required for nuclear positioning, we
used RNAi or clip-1(gk470) mutants and found, in both cases,
that animals displayed seam cell nuclear positioning defects
similar to those induced by amph-1(tm1060) (Figures 5E and
S4A). There was no additive effect following amph-1 or clip-1
RNAi in single mutants, suggesting that the two genes act in
the same pathway (Figure S4A). The clip-1 effect seems specific
as RNAi-silencing of ebp-2, another MT plus-end-binding pro-
tein did not affect significantly nuclear positioning (Figure S4B).
We confirmed that MTs contribute to seam cell nuclear
anchoring as transgenic worms expressing the MT severing pro-
tein spastin (spas-1::mCherry) displayed mis-localized nuclei
(Figure S4C) (Sharp and Ross, 2012). Moreover, we found that
CLIP-1 and tubulin are present around the nucleus in wild-type
animals (Figures S4D and S4E).
Next, we addressed the mechanistic link between AMPH-1
and CLIP-1 in nuclear positioning. We hypothesized that
AMPH-1 could link the NE to CLIP-1 and, subsequently, MT
cytoskeleton. To test this hypothesis, we produced a chimeric
construct expressing the CAP-GLY domain of CLIP-1 fused to
the nuclear anchoring KASH domain of ANC-1, tagged with
mCherry (CAP-GLY+KASH). CAP-GLY+KASH fusion was en-
riched around the nucleus of seam cells in wild-type animals
(Figure 5D). Strikingly, it rescued the nuclear positioning defects
of amph-1(tm1060) animals, suggesting that CAP-GLY+KASH
complements the loss of AMPH-1 by linking MTs to the NEier Inc.
Figure 2. BIN1 Binds Nesprin2
(A) Yeast two-hybrid screen revealed a physical link between BIN1 and nesprin2 or CLIP170, two proteins respectively implicated in nuclear positioning and MT
cytoskeleton.
(B) Diagram showing GST-BIN1-FL (full length) and domains (SH3, BAR, and the PI motif encoded by themuscle-specific exon 11 of BIN1). Pull-down experiment
using GST fusion BIN1-FL and extracts from COS-1 cells transfected with GFP-CH+KASH and B10-SR48–49+KASH (C) showing only binding of BIN1-FL. B10 tag
is a 14-amino-acid epitope of the estrogen receptor alpha.
(C) Diagram displaying full-length nesprin2 and constructs. Nesprin2 domains are a CH ABD, SRs, and an NE binding domain (KASH).
(D) Summary of pull-down experiments with BIN1 and nesprin2 constructs.
(E) Endogenous BIN1 co-immunoprecipitates with nesprin2 in human fibroblasts from control and BIN1 patients carrying a K575X truncation or D151Nmutation.
Two different anti-BIN1 antibodies were tested for coIP. IP, immunoprecipitation; IgG, immunoglobulin G.
(legend continued on next page)
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(Figure 5E). The CAP-GLY+KASH construct also partially res-
cued nuclear positioning in seam cells of clip-1(gk-470), sug-
gesting that theMT plus-end-binding protein CLIP-1 is important
for proper nuclear positioning. Conversely, ectopic expression
of AMPH-1 in clip-1(gk470) did not rescue the seam cell nuclear
mis-positioning of clip-1(gk-470) (Figure 5E). Finally, in the anc-1
mutant, CAP-GLY+KASH expression improved the rescue effect
of the ABD-KASH (the mini-ANC-1 construct that contains the
domains able to re-establish the actin-nucleus connection) (Fig-
ure S4C), suggesting that CLIP-1 function is affected in anc-1
mutant. Collectively, our data suggest that MTs contribute to ne-
sprin-mediated nuclear anchoring through AMPH-1 and that
proper nuclear positioning requires both actin and MTs linked
to the NE.
BIN1 Binds Actin and Controls Nucleus Retrograde
Movement
Next, we addressed the role of actin filaments on amphiphy-
sin-mediated nuclear positioning. Recent data have shown
that the SH3 domain of BIN1 could pull down sarcomeric
structures containing actin (Fernando et al., 2009). Using co-
sedimentation assays (co-pelleting) with purified muscle actin,
we showed that full-length BIN1 or its SH3 domain co-sedi-
mented with actin (Figure 6A; Figure S5A). The SH3-K575X
and SH3-Q573X mutations did not affect co-pelleting with
actin (Figures 6A and 6B). Actin co-pelleting experiments
in the presence of increasing concentrations of the actin-
depolymerizing toxin cytochalasin D showed a dose-depen-
dent negative effect on SH3/actin co-pelleting, suggesting
that BIN1 preferentially binds to F-actin (Figure S5B).
To better characterize the Nesprin-BIN1-actin ternary com-
plex, we first performed competition experiments. Gradual
increase of SR 48–49 (the nesprin2 fragment that binds BIN1;
Figure 2) did not impact actin co-pelleting with BIN1 (Figure 6C).
Also, gradual increase of BIN1 protein increased the co-pellett-
ing of SR-48-49 fragment (Figure S5C). Together, these data
suggest that there is no competition between actin and nesprin
for BIN1 binding and that BIN1 forms an additional binding site
linking actin to nesprin. Interestingly, BIN1 may represent an
alternative link to the actin network for nesprin isoforms lacking
the ABD (Rajgor and Shanahan, 2013). To functionally test
whether the BIN1/actin interaction could have a role in nuclear
positioning or movement, we monitored nuclear movement
induced by lysophosphatidic acid (LPA) in polarizing fibroblasts,
where actin cables promote the nucleus retrograde movement
(Gomes et al., 2005). In particular, the inhibition of nesprin2,
SUN2, or actin impairs nuclear movement and centrosome reor-
ientation (Luxton et al., 2010). Silencing BIN1 with small inter-
fering RNA (siRNA) or expression of the BIN1-K575X truncation
affected nucleus retrograde movement compared to controls
(Figures 6D and 6E). Conversely, expression of the D151Nmuta-
tion had no effect on nucleus retrograde movement, suggesting
that it has less impact on actin flowand centrosome reorientation(F) Confocal images of endogenous BIN1 and nesprin2 localization in mouse isol
software (right). DNA was stained with Hoechst. Scale bars, 10 mm. The fluoresc
nucleus are shown. Co-localization of nesprin2 and BIN-1 signals was estimate
indicates complete co-localization; r = 0.79.
See also Figure S2.
190 Developmental Cell 35, 186–198, October 26, 2015 ª2015 Elsev(Figure 6E).When thesemutations were tested in amph-1mutant
worms, we found that neither BIN1 D151N nor K575X mutations
could rescue the nuclear positioning phenotype (Figure S5D).
Taken together, our data indicate that BIN1 could be implicated
in actin-mediated nucleus movement, in addition to its role on
nesprin and on the MTs.
Finally, we tested the importance of the Nesprin-actin com-
plex on BIN1-dependent nuclear positioning in C. elegans.
The ABD+KASH fusion containing both actin and NE binding
domains partially, but significantly, rescued the nuclear posi-
tioning defects of anc-1(e1753) mutants (Figures S4C and
S5E). However, the ABD+KASH did not rescue nuclear posi-
tioning defects of the amph-1(tm1060) mutant, arguing that
the actin-dependent pathway is not sufficient to compensate
for AMPH-1 loss in C. elegans. Overall, amphiphysin/BIN1-
dependent nuclear positioning appears to require both actin
and MT cytoskeletons and their functional link to the NE via
amphiphysins and CLIP-1.
Alterations of Amphiphysin/BIN1 and Nesprin Lead to
Nuclear Shape Defects
Mutations in nesprin1 and nesprin2 lead to Emery-Dreifuss
muscular dystrophy (EDMD) or arthrogryposis from muscular
origin and impact nuclear envelope integrity (Attali et al., 2009;
Zhang et al., 2007). We wondered whether the NE integrity might
be mediated by the same BIN1-nesprin pathway described
earlier. First, we observed a significant number of mis-shaped
seam cell nuclei, including folds, lobulations, and fragmented
nuclei in C. elegans amph-1(tm1060), anc-1(e1753), and, to a
minor extent, clip-1(gk470) mutants (Figures 7A and 7B). In
addition, we identified features that were not detectable by
conventional fluorescence microscopy through CLEM and
high-resolution serial electron microscopy (EM), especially NE
outfoldings and enlarged nuclear pores (Figure 7C). Second, in
muscle biopsies from human with BIN1 mutations, we observed
nuclei clustering and NE folding (Figure 7D). The luminal space
between the inner and outer nuclear membranes was also
increased (from 30–40 nm in control to 30–400 nm in patient; Fig-
ure 7E). Thus, BIN1 has a conserved role in defining nucleus
shape, in addition to nuclear positioning.
DISCUSSION
While amphiphysins are well studied for their role in endocytosis
and recycling (McMahon and Gallop, 2005; Pant et al., 2009), lit-
tle is known about their implication in other biological process.
Here, we provide evidence that BIN1/amphiphysin defines a
conserved pathway regulating nucleus positioning and shape
in C. elegans, mouse, and human. We propose that BIN1 is an
adaptor for nesprin and controls nuclear positioning by bridging
MT plus ends to nesprin at the NE. In addition BIN1, as nesprin,
binds actin, potentially fine-tuning the link between the NE and
actin cytoskeleton. Overall, BIN1 represents a potential hub toated muscle fibers. A mask for the colocalization was created with the ImageJ
ence profiles of nesprin2 (green) and BIN-1 (red) across the minor axis of the
d using the Pearson coefficient (r). 0 indicates lack of co-localization, and 1
ier Inc.
Figure 3. Conserved Interaction of BIN1 and
Nesprin in C. elegans
(A) Diagram displaying C. elegans (Ce) nesprin2
homolog protein (ANC-1) and constructs. Ce
ANC-1 contains two conserved CH motifs forming
an ABD, a KASHNE-binding domain, and a central
coiled-coil region containing numerous SRs (only
the five-repeat-rich region is shown). Lysates from
HEK293 cells transfected with Ce ABD+KASH-
Flag and Ce AMPH-1-Myc were immunopre-
cipitated using anti-Flag or anti-Myc antibodies.
Ce ABD+KASH co-immunoprecipitates with Ce
AMPH-1 and vice versa. Before developing the
blot, the nitrocellulose membranes were cut right
below the 50 kDa bands to avoid interference of
IgG heavy chain bands. In the blot on the left, a
vertical line indicates that the IP-Myc lane was
not adjacent to the other three lanes in the gel. The
IgG lane also contains a molecular weight marker.
IP, immunoprecipitation; WB, western blot; IgG,
immunoglobulin G.
(B) Endogenous Ce ANC-1 and Ce AMPH-1
localization in intestinal cells of wild-type young
adult. A mask for the co-localization was created
with the ImageJ software (right).
(C) The fluorescence profiles of ANC-1 (green) and
AMPH-1 (red) across the minor axis of the nucleus
are shown. Co-localization of ANC-1 and AMPH-1
signals was estimated using the Pearson coeffi-
cient (r). 0 indicates a lack of co-localization, and 1
indicates complete co-localization; r = 0.90.
(D) Multichannel 3D projection (z stack  3 mm) of
the nucleus displayed in (B).
(E) Endogenous Ce AMPH-1 localization in intes-
tinal cells of anc-1(e1753) young adult animal
showing absence of perinuclear AMPH-1 com-
pared to (B) in wild-type animals. DNA was stained
with Hoechst. Scale bars, 10 mm.
See also Figure S3.bridge the NE to the actin and MT networks for the regulation of
nuclei positioning.
BIN1 binds nesprin2 in a conformation-dependent manner, as
isolated BIN1 protein domains lack binding (Figures 2 and S2). In
addition, BIN1 binds CLIP170 with its BAR domain and actin with
its SH3 domain (Figures 4 and 6). Furthermore, co-pelleting ex-
periments showed that binding to nesprin and binding to actinDevelopmental Cell 35, 186–198,are not competitive, suggesting that
BIN1 could anchor both actin and MT
cytoskeleton to nesprin at the NE.
BIN1 links to both actin and MT cyto-
skeleton appear essential, as highlighted
by the analysis of the impact of BIN1
mutations found in patients with myop-
athy. Indeed, both mutations in the
BAR (D151N) or in the SH3 (K575X) do-
mains were not able to rescue nuclear
mis-position in C. elegans amph-1mutant
(Figure S5). The BAR mutation strongly
decreases binding to CLIP170, which is
consistent with the importance of this
domain in this interaction. TheSH3 trunca-tion removes the last 15 amino acids and could still be partially
functional. This mutant affected LPA-mediated nuclei re-orienta-
tion in fibroblast (Figure 6), a phenomenon mainly regulated
through the actin cytoskeleton (Gomes et al., 2005). Thismutation
may impair the binding to other regulators of nuclei position.
Recent data also showed that this SH3 domain binds N-WASP,
an actin nucleation-promoting factor that activates the Arp2/3October 26, 2015 ª2015 Elsevier Inc. 191
Figure 4. BIN1 Interacts with the MT Plus-End-Binding Protein CLIP170
(A) Endogenous BIN1 andCLIP170 expression in human fibroblasts from controls and patients harboring the BIN1D151Nmutation or K575X truncation. Actin is a
loading control. WB, western blot.
(B) Immunoprecipitation (IP) of endogenous BIN1 followed by western blot analysis for CLIP170 (left panel) and BIN1 (right panel). CLIP170 was pulled down with
wild-type BIN1 in the presence of nocodazole (5 mM for 2 hr). IgG, immunoglobulin G.
(C and D) Confocal images of endogenous CLIP170, MT, and BIN1 localization in mouse isolated muscle fibers. CLIP170 (green) co-localizes with both b-tubulin
(C) and BIN1 (D) at the peri-nuclear regions. A mask for the co-localization was created with the ImageJ software (right panels). DNA was stained with Hoechst.
Scale bars, 10 mm.complex, and that the K575X mutant impaired N-WASP binding
(Falcone et al., 2014). Overall, we conclude that the BAR domain
links nesprin at the NE with CLIP170 and the MT network, while
the SH3 domain would be mainly implicated in the regulation of
the actin network. Thismodel is consistent with other studies sug-
gesting that the nucleus can be pushed anteriorly by growingMTs
(Zhao et al., 2012) and does not discard the additional role of MT
plus ends at the cortex for nuclei positioning. However, whether
these proteins form a ternary complex remains to be investigated.
This BIN1-mediated nuclear positioning pathway appears
conserved through evolution, at least in C. elegans and mam-
mals. Indeed, AMPH-1/BIN1 is found at the nuclear rim in
C. elegans seam and intestinal cells and in mouse muscle fibers
(Figures 2 and 3). AMPH-1/BIN1 binds and partially co-localizes
with nesprin and CLIP170 in both species (Figures 2, 4, and S3).
We discover that the loss of AMPH-1 or CLIP-1 in C. elegans
leads to nuclear positioning defect similar to that in anc-1
mutants (Figures 1 and 5; (Starr and Han, 2002). In addition,
mutations of BIN1 in human cause a myopathy with nuclear
centralization (Nicot et al., 2007), and mutations in different ne-192 Developmental Cell 35, 186–198, October 26, 2015 ª2015 Elsevsprin isoforms lead to nuclear positioning defect inmouse (Puck-
elwartz et al., 2009) and muscle diseases in human (Attali et al.,
2009; Zhang et al., 2007).
In addition, we discovered nuclear shape alteration in CNM
patients with BIN1 mutations (Figure 7), similar to the defects
observed previously in human fibroblasts with nesprin mutations
(Zhang et al., 2007). As the LINC complex participates in nucleo-
cytoskeletal force transmission (Lombardi et al., 2011), we
hypothesize that BIN1 is also a critical component for force
transduction between the cytoskeleton and the NE.
Our findings uncover a common pathological mechanism
for nuclear anomalies in BIN1-related myopathies (CNMs, DM)
and nesprin-related EDMD. Abnormal nuclear localization in
different forms of CNM is the hallmark that defined these
diseases, and this was thought to be indirectly due either to
potential delay in muscle maturation or to decreased muscle
contraction. Here, we provide evidence that this phenotype is
a direct consequence of mis-regulation of the BIN1-conserved
role in nuclear positioning. BIN1 is also implicated in other human
diseases: BIN1 is consistently decreased in several cancer typesier Inc.
Figure 5. BIN1/CLIP170 Interaction Is Required for Nuclear Positioning
(A) Diagram of human CLIP170 protein domains: two CAP-GLY domains, central coiled-coil domains, and a metal binding motif (ZnF). The BIN1 binding region
(SID, selected interaction domain) of CLIP170 fished out by the yeast two-hybrid screen spans the coiled-coil region. C. elegans M01A8.2 (CLIP-1), the closest
ortholog of human CLIP170, contains an N-terminal CAP-GLY domain and a coiled-coil region. aa, amino acids.
(B) C. elegans (Ce) AMPH-1 interacts with CLIP-1. Myc-His-AMPH-1- and Flag-CLIP-1-tagged C. elegans proteins were co-expressed in HEK293 cells. Ce
CLIP-1 co-immunoprecipitated with Ce AMPH-1 and vice versa. IP, immunoprecipitation; WB, western blot; IgG, immunoglobulin G.
(C) MT pelleting experiments in HEK293 cells expressing Ce CAP-GLY showed co-enrichment of CAP-GLY protein in the pelleted fraction with MTs.
S, supernatant; P, pellet.
(D) Diagram displaying the chimera Ce CAP-GLY+KASH used for the rescue experiments (top panel). Ce CAP-GLY+KASH localization around the scm::GFP-
labeled seam nuclei in wild-type animals. Scale bars, 10 mm.
(E) On the y axis, percent animals with mis-positioned nuclei in wild-type, amph-1(tm1060), and clip-1(gk470) alone or expressing Ce AMPH-1 or Ce CAP-
GLY+KASH. The significance is indicated compared to the wild-type expressing Ce CAP-GLY+KASH. **p < 0.01; ***p < 0.001; ns, not significant (one-way
ANOVA). Data are displayed as mean ± SD; experiment was repeated four times, nR 80 for each genotype.
See also Figure S4.and in heart failure, and several studies confirmed BIN1 as an
important risk locus for late-onset Alzheimer’s disease (Prokic
et al., 2014). The pathway and patho-mechanism described
here may trigger novel research directions concerning these
different diseases.
EXPERIMENTAL PROCEDURES
C. elegans Strains
The Bristol strain N2 was used as the standard wild-type strain. The following
mutant alleles were used: anc-1(e1753); clip-1(gk470), obtained from the Cae-Developmnorhabditis Genetic Center; and amph-1(tm1060), provided by S. Mitani, Jap-
anese National Bioresource Project. The wIs51(scm::GFP) strain JR667 was
used to visualize the seam cell nuclei. Animals weremaintained using standard
procedures (Brenner, 1974). Transgenic strains used are listed in the Supple-
mental Experimental Procedures.
Immunostaining and Fluorescence Microscopy
Fibroblasts were fixed in 4% paraformaldehyde (PFA). Isolated fibers were
dissected from entire muscles, fixed in 4% PFA, and incubated for 30 min in
PBS, 0.1 M glucose then overnight in PBS, 30% sucrose. Immuno-fluores-
cence was carried out on permeabilized cells or fibers, with appropriate pri-
mary and secondary antibodies in PBS, 0.1%Triton X-100, 3% fetal calf serumental Cell 35, 186–198, October 26, 2015 ª2015 Elsevier Inc. 193
Figure 6. BIN1 Binds Actin Filaments and Controls Nucleus Retrograde Movement
(A) SDS-PAGE colored gel following co-sedimentation assays (actin pelleting) of BIN1-FL and domains with actin, showing positive pelleting of SH3 and BIN1-FL
but not the BAR domain. BIN1 truncation (K575X and Q573X) reported in CNM patients did not affect the binding. P, pellet; S, supernatant; WT, wild-type; AU,
(legend continued on next page)
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(FCS) (for cells) or in PBS, 50 mM NH4Cl, 0.2% donkey serum, 0.1% Triton X-
100 (for fibers). Whole worm immuno-staining was performed as described in
Bettinger et al. (1996), and embryo immunostaining was performed as
described in Labouesse (1997). For C. elegans, human, and murine samples,
phenotypes were scored using a Leica DMRX 6000 equipped with a Coolsnap
CCD (charge-coupled device) camera or Leica SP2RS and SP5 confocal mi-
croscopes, or a DMI6000 spinning-disk set-up (Andor Revolution/Leica). Im-
age analysis was performed using ImageJ and Adobe Photoshop. The noise
and the background were removed using the Meanshift and the Subtract
Background plugins of ImageJ. The fluorescence intensity around the nucleus
was evaluated with the Plot Profile plugin. For each channel, the values were
normalized to the value of maximal intensity. The distribution of fluorescence
intensity in each field was compared using the Pearson coefficient. A colocal-
ization mask plugin from ImageJ was created to show the pixel co-localization
between channels.
Western Blot Analysis
After SDS-PAGEwith 8%–10%polyacrylamide gels, proteins were transferred
on a nitrocellulose membrane (Protran, Whatman). Non-specific sites were
blocked with 5%non-fat milk in Tris-buffered saline. After overnight incubation
with primary antibodies, membranes were incubated with anti-mouse or
anti-rabbit horseradish peroxidase (HRP)-conjugated antibodies (1/10,000,
Jackson Immunoresearch). The membranes were revealed with the ECL
Plus Western Blotting Detection System (GE Healthcare) and exposed on
auto-radiographic film (BioMax MR Films, Eastman-Kodak) or revealed in
the Amersham Imager 600 (GE Healthcare, Life Sciences). Antibodies used
for western blot and immunolocalization are listed in the Supplemental Exper-
imental Procedures.
Cell Culture, Transfection, and Monolayer Wounding
African green monkey kidney fibroblasts (COS-1 cells) were grown in DMEM
containing 1 g/l glucose and supplemented with 5% FCS. HEK293 cells
were grown in Eagle’s minimum essential medium (Earle’s balanced salt solu-
tion) supplemented with 2 mM L-glutamine, 1% non-essential amino acids
(NEAA), and 10% FCS. Human fibroblasts were grown in DMEM containing
1 g/l glucose and supplemented with 10% FCS. NIH 3T3 cells (mouse embry-
onic fibroblasts) were grown in DMEM containing 4.5 g/l glucose and supple-
mented with 10% (v/v) newborn calf serum (NCS). 40 mg/l gentamycin was
added to all media. Cells were grown on 100-mm-diameter Petri dishes or
on 22 mm2 glasses in 5% CO2 at 37
C until they reached 60%–80% conflu-
ence. Cells were transiently transfected with the appropriate plasmids using
either the JetPei or the Lipofectamine 2000 (Invitrogen) reagent according to
the manufacturer’s protocol. NIH 3T3 fibroblast monolayer wounding and
analysis of nucleus and centrosome position relative to the cell centroid
were performed as previously described (Luxton et al., 2010).
GST Fusion Proteins, Pull-Down and Co-immunoprecipitation
Assays
GST fusion proteins were produced as described in Hnia et al. (2011). For no-
codazole and cytochalasin D treatments, cells were treated, respectively, with
5 mM nocodazole (Sigma-Aldrich) for 2 hr and with 20 mM cytochalasin D for
2 hr at 37C. For co-immunoprecipitation assays of endogenous proteins, hu-arbitrary units. Error bars show the average of protein band densitometry from th
(one-way ANOVA).
(B) Impact of increased concentration of SH3 domains on their potential to co-pe
not affect actin binding (interpolated from 50% maximum binding, 37.5 ± 1.7, 38
(C) Actin-BIN1 co-pelleting experiments in the presence of increasing GST-SR
volume integration of SDS-polyacrylamide gels on a scanning densitometer. The a
of proteins in the assay and the ratio of each protein in the supernatant versus p
(D) Western blot detection of BIN1 using three different siRNAs individually (#1, #
(Scr). The #Mix BIN1 siRNA decreased BIN1 protein level more efficiently andwas
control.
(E) Effect of the inhibition of BIN1 on the distance between nucleus and centroso
knockdown or exogenous BIN1 K575X mutant affects nucleus reorientation com
mean ± SD; 37 cells counted for the siRNA experiment and 31 for the microinjec
See also Figure S5.
Developmman fibroblasts were lysed in 50 mM Tris (pH 7.4), 1% Triton X-100, 10 mM
MgCl2, and protease inhibitors (cOmplete, EDTA-Free, Roche), and immuno-
precipitations were performed overnight with Protein G Sepharose beads (GE
Healthcare) using rabbit anti-nesprin2 or mouse anti-BIN1. For co-immuno-
precipitation assays of C. elegans constructs, HEK293 cells were lysed in
50 mM Tris (pH 7.4), 1% Triton X-100, 10 mM MgCl2, and protease inhibitors
(cOmplete, EDTA-Free, Roche), and immunoprecipitations were performed
overnight with Protein G Sepharose beads (GE Healthcare) using anti-myc
or anti-Flag antibodies. The myc or Flag peptides (IGBMC) were added to
the final beads in excess (1 mg/ml) to elute immunoprecipated complexes.
For pull-down assays, whole-cell homogenates from transfected COS-1 cells
obtained as described earlier, or GFP produced in vitro using a coupled tran-
scription/translation kit (TNT Coupled Reticulocyte Lysate Systems, Promega)
according to the manufacturer’s protocol, were incubated overnight with puri-
fied GST fusion proteins coupled to glutathione beads. Bound proteins were
analyzed by western blot.
F-Actin-Binding Assay: Co-sedimentation
Rabbit skeletal muscle actin was prepared as described previously (Maciver
et al., 1991), with some modifications. Acetone powder was extracted once
before centrifugation and filtration. The filtered solution was adjusted to
2 mM MgCl2 and 0.8 M KCl and stirred slowly for 30 min at 4
C. Resulting
F-actin was recovered by centrifugation (96,000 3 g, 4C for 2 hr) before dial-
ysis against three changes of G buffer (2 mM Tris-HCl, pH 8.0, 0.2 mM ATP,
0.5 mM DTT, 0.2 mM CaCl2, 1 mM NaN3) over 3 days. G-actin was clarified
by centrifugation, as described earlier, and applied to a column of Sephacryl
S-200 in the G buffer. The peak and trailing fractions were analyzed by
SDS-PAGE and pooled. Concentration was determined with NanoDrop at
280 nm. F-actin binding was assessed by sedimentation in a Beckman
TL100 benchtop ultracentrifuge (15 min, 386,000 3 g, 4C), using 10 mM F-
actin in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 2 mM MgCl2, 1 mM ATP,
1 mM DTT, and either 0.1 mM CaCl2 or 1 mM EGTA. For actin-binding exper-
iments with BIN1 domains and full-length protein, 8 mM actin was induced to
polymerize in the presence of 15 mM BIN1 constructs or increased concentra-
tion of SH3 domains (10 mM–50 mM). For actin co-pelleting experiments of
BIN1 in the presence of the nesprin2 SR domains, increasing concentrations
of GST-SR (10, 20, 30, and 60 mM) were added to the reaction before pelleting
actin (8 mM) to address whether the SR domains could disrupt actin/BIN1 bind-
ing. Increasing concentrations of GST-BIN1 (5, 10, 15, and 20 mM) were also
used in the presence of fixed GST-SR concentration (10 mM) and actin
(20 mM) to address the affinity of the SR domain for BIN1. Data were quantified
by volume integration of SDS-polyacrylamide gels on a scanning densitom-
eter. The amount of protein bound to actin was calculated from the known
concentrations of proteins in the assay and the ratios of each protein in the
supernatant and pellet.
MT Pelleting Assay
The approach chosen was the cyclic polymerization and depolymerization of
MTs in the presence of GTP (two cycles) and GTP/taxol (third cycle), thereby
co-polymerizing MT-associated proteins or other proteins specifically binding
to MTs (Vallee, 1982). Briefly, HEK293 cells transfected with CAP-GLY-Flag or
not (CTRL) were sedimented at 2,000 rpm for 2 min, resuspended in 3 ml ofree independent experiments. Data are expressed as means ± SEM. *p < 0.05
llet with actin. Patient mutations within the SH3 domain (K575X and Q573X) do
± 3.2, and 36 ± 2.5 mM for SH3, SH3 K575X, and SH3 Q573X, respectively).
(of nesprin2) concentrations (10, 20, 30, and 60 mM). Data were quantified by
mount of protein bound to actin was calculated from the known concentrations
ellet. Error bars indicate means ± SEM from three independent experiments.
2, and #3) or mixed (#Mix) in NIH 3T3 cell lines compared to scrambled siRNA
used for experiments of nucleus reorientation. GAPDH is a loading control. Ctrl,
me from the cell centroid in NIH 3T3 cells induced to migrate with LPA. BIN1
pared to GAPDH siRNA. **p < 0.01 (two-tailed Student’s t test). Data indicate
tion experiment.
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Figure 7. Loss-of-Function or Mutation in BIN1 Affect Nuclear Shape
(A) Epi-fluorescence images of seam cell nuclei in wild-type, amph-1(tm1060), and anc-1(e1753) young adult animals expressing scm::GFP. Arrowheads indicate
defects in the shape of the nucleus: blebs, folding, humps. Ce, C. elegans.
(B) Percentage of scm::GFP-labeled seam cell nuclei displaying shape defects in wild-type (wt) and in amph-1(tm1060), anc-1(e1753), and clip-1(gk470)mutants.
*p < 0.05; ***p < 0.001 (one-way ANOVA). Data are displayed as means ± SD; experiment was repeated three times, nR 60 for each genotype.
(C) CLEM on amph-1(tm1060). Left panel: one over 43 serial thin sections showing the transmission EM image of a seam cell nucleus from wild-type young adult
expressing scm::GFP. Center panel: one over 33 serial thin sections showing the transmission EM image of a seam cell nucleus from amph-1(tm1060) worm
expressing scm::GFP. An emerging bleb (white box) and enlarged nuclear pores (arrowhead) are highlighted. The enlarged nuclear pore and the emerging bleb
from different thin sections are displayed at higher magnification in the right panels.
(D) Electron micrographs of muscle biopsies from a control (top panel) and a CNM patient with the BIN1 D151N mutation (bottom panels). Patient biopsies
showed clustering of nuclei, NE outfolding, and increased luminal space between the inner and outer nuclear membranes. Arrowheads point to areas of NE with
enlarged luminal space.
(E) The areas of enlarged NE luminal space are zoomed-in, and the distances between the inner and outer nuclear membranes are measured by a line.
Scale bars, 10 mm, unless specified.swelling solution (1 mMEGTA, 1mMMgSO4, pH 6.6) and set on ice for 15min.
Cells were then pelleted by centrifugation for 2 min at 2,000 rpm, and protease
inhibitor cocktail was added (Roche protease inhibitor tablet and 1mMPMSF).
Cells were lysed slowly by homogenization in a Dounce homogenizer, and
0.1 M PIPES-NaOH (pH 6.6), was added to the homogenate. Nuclei and debris
were removed by centrifugation (5 min at 2,000 rpm). The supernatant was
recovered and centrifuged for 30min at 15,000 rpm. In the first round of tubulin196 Developmental Cell 35, 186–198, October 26, 2015 ª2015 Elsevpolymerization, 1 mM GTP (Sigma) was added to the supernatant. To receive
the critical concentration of tubulin polymerization, 10 mg of purified bovine
brain tubulin was added to the cytosolic extract. The mixture was incubated
at 37C for 15 min. MTs were pelleted by centrifugation in PIPES buffer
(0.1 M PIPES-NaOH, 1 mM EGTA, 1 mM MgSO4, pH 6.6) containing 10% su-
crose (30 min at 15,000 rpm). The assembled MTs were resuspended in 50 ml
PIPES buffer. After polymerization, MTs were depolymerized with 2 mMCaCl2ier Inc.
on ice for 15 min. The second polymerization was induced by 4 mM EGTA and
1 mM GTP at 37C. Polymerization and depolymerization cycles were
repeated three times. For the last polymerization step, MTs were stabilized
with 4 mM EGTA, 1 mM GTP, and 20 mM taxol (Sigma). Pellet, containing
MT and MT-associated proteins), and supernatant were resuspended in 43
SDS buffer. Pellet and supernatant were separated by SDS-PAGE, transferred
onto nitrocellulose membranes, and revealed by Flag or tubulin antibodies.
Transmission EM
Biopsies from control and CNM patients were fixed with 4% PFA, 0.1% glutar-
aldehyde in 0.1 M phosphate buffer, cryoprotected with 2.3 M sucrose, and
frozen in liquid nitrogen. For resin embedding, the frozen samples were
substituted in methanol containing 2% osmium tetroxide, 0.25% uranyl ace-
tate, and 0.25% glutaraldehyde, rinsed with pure methanol, with acetone,
and infiltrated with graded concentrations of epon (30%, 50%, 70%, and
100%), and the resin was polymerized at 60C for 2 days. Ultrathin sections
were obtained on a Leica Ultracut S ultramicrotome. Staining was performed
with uranyl acetate and lead citrate. C. elegans agarose embedding, live-ani-
mal imaging before processing, high-pressure freezing, freeze substitution,
and flat embedding were performed as described in Kolotuev et al. (2010). Im-
ages were acquired with an Orius 1000 CCD camera (Gatan) mounted on a
Philips CM12microscope operated at 80 kV. Acquired images were edited us-
ing ImageJ and Photoshop. 3Dmodels were generated with the 3Dmod exten-
sions of the IMOD software.
Yeast Two-Hybrid Screen and Amino Acid Sequence Analysis
The yeast two-hybrid screen was performed by Hybrigenics SA, with a full-
length muscle-specific isoform of BIN1 (isoform 8; GenBank:NM_004305.3)
against a human skeletal muscle library (human adult and fetal skeletal muscle
18–19weeks). PipeAlign (http://www.lbgi.fr/lbgi/index.php/service-main-menu/
programs) (Plewniak et al., 2003) was used for amino acid alignment of
the following proteins and domains: human SR 48–49 from nesprin2 with
C. elegans ANC-1 and human CLIP170 with C. elegans CLIP-1 (M01A8.2).
C. elegans RNAi and Heat Shock Experiments
RNAi clones were obtained from the Medical Research Council (MRC) feeding
RNAi library (Kamath et al., 2003). RNAi by feeding was performed using
standard procedures (Kamath et al., 2003). Animals were scored as young
adults in the P0 generation, and after 3 more days of growth on fresh RNAi
plates, animals of the next (F1) generation were also scored. Bacteria contain-
ing an empty L4440 RNAi vector served as negative controls, and bacteria
containing L4440-vab-10 RNAi served as positive control. RNAi experiments
were performed at least twice under identical experimental conditions.
Clip-1 (M01A8.2) was amplified using primers aactgagacacaaccggacc and
aaagatgtggcaaacttggg for RNAi. The expression of spas-1::mCherry was
driven by heat shock promoter. L3 and L4 worms were heat-shocked for
30 min at 32C in a water bath and then kept for 5 hr at 25C. Young adult
animals were selected and screened.
Quantification of Nuclear Position Defects in Seam and Hypodermal
Cells
For seam cells, the wIs51(scm::GFP) marker was used to label seam cell
nuclei. Young adult worms were mounted on a 2% agar pad in 0.4 mM
levamisole M9 solution. The seam cell nuclei were observed on an epifluor-
escence microscope (DMRX6000, Leica). Worms scored for nuclear mis-
positioning displayed clustering of two or more seam nuclei along the
main axis of the animal. The percentage of worms displaying nuclear posi-
tioning defects from at least three independent experiments were plotted
using GraphPad software, and the averages were analyzed using a one-
way ANOVA with Tukey test. For hypodermal cells, embryos were stained
with MH-27 and LIN-26 to visualize the adherens junctions and the nucleus
of hypodermal cells, respectively. z stacks were acquired of the entire em-
bryos (comma stage), and a Z projection was produced from the stack
to observe all the dorsal hypodermal nuclei. Hypodermal nuclei #4–13
from the anterior to the posterior (according to the numeration displayed
in WormAtlas (www.wormatlas.org/hermaphrodite/hypodermis/mainframe.
htm) were further analyzed. The distance in pixels from the nucleus to the
edge of the hypodermal membrane stained by MH27 was measured inDevelopmwild-type, amph-1, and clip-1 mutant embryos with the Straight line tool
of ImageJ. The distribution of distance for each line was plotted using
GraphPad software, and the data were analyzed using a one-way ANOVA
with Tukey test.
Statistical Analysis
Statistical analysis was performed using Student’s t test (for the comparison of
two averages) or a one-way ANOVA with Tukey test (for the comparison of
three or more averages). p values < 0.05 were considered significant.
Study Approval
Animal experimentation was approved by the institutional ethical committee
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